Introduction
Radix Astragali (RA), known as Huangqi in China, is derived from the dried roots of Astragalus membranaceus (Fisch.) Bge. or A. membranaceus var. Mongholicus (Bge.) Hsiao (family Leguminosae) (1) . RA generally mix with other ingredients to make some medicated food in its edible aspect, which has also traditionally been utilized in cosmetics. Pharmacological studies and clinical practice have demonstrated that RA possess various biological activities including tonic, immunostimulant, hepatoprotective, diuretic, antidiabetic, cardioprotective, anti-oxidative and anti-tumor properties (2, 3) . Flavonoids have been considered as one of the major active components found in RA, which can be roughly sorted into three major classes according to the structures of the aglycones, including isoflavones, pterocarpans and isoflavans (4) . The usual way to elucidate these constituents by extracting, isolating and repeatedly purifying was costly and time-consuming, which were hard to obtain sufficient amounts of minor constituents for further structural identification.
Liquid chromatography coupled with mass spectrometry (LC/ MS), however, demonstrated excellent performance for the analysis of unknown targets from medicinal plants (5, 6) . Previously, several analytical methods have been applied to characterize flavonoids and their metabolites from RA, including LC-ESI/MS (7, 8) , LC-APCI-TSQ/MS (9) and LC-ESI-Ion Trap/MS (10) . Ultra-HPLC (u-HPLC) has been recently applied in many areas of food and biological analyses because of its faster analysis and excellent separation (11, 12) . The combined use of u-HPLC with MS would be undoubtedly a better choice for identifying the complicated components in botanical extracts.
The hybrid LTQ-Orbitrap analytical platform, consisting of an ion trap coupled with an Orbitrap mass analyzer, allows two different scan types acquired simultaneously, which enable fast, sensitive and reliable detection and identification of small molecules regardless of relative ion abundance (13, 14) . The Orbitrap provides a higher mass resolution and mass accuracy (,3 ppm) than many other mass spectrometers, which can be used to determine elemental formulae, thus facilitating the identification of unknown substances. The ion trap however provides multistage MS n mass spectra using data-dependent scanning, which minimize total analysis time as it can trigger fragmentation spectra of target ions and prevent repetition by dynamic exclusion settings (15) . As flavonoids of RA could be structurally classified into several types according to their carbon skeletons, each type with the same carbon skeleton should share similar fragmentation pathway in collision-induced dissociation (CID) mode and therefore generate characteristic product ions with common (16) . Thus, a strategy could be proposed to facilitate the mass spectra analysis for structure identification of flavonoids.
This study was aimed at developing a simple and rapid u-HPLC-LTQ-Orbitrap-MS n method to analyze flavonoids in RA. Several strategies including diagnostic fragment ions screening and fragment monitoring were employed. Moreover, the u-HPLC-LTQ-Orbitrap-MS n platform was proved as an effective tool for rapid qualitative analysis of new and minor constituents from natural resources.
Experimental
Chemicals and reagents HPLC-grade acetonitrile, methanol and formic acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Water (18.2 MV) was deionized and further purified by means of a Milli-Q water system (Millipore, Bedford, MA, USA).
The powdered root of A. membranaceus (Fisch.) Bge and standards of calycosin-7-O-b-D-glycoside, formononetin-7-O-b-Dglycoside (ononin), calycosin and formononetin were purchased from National Institute for the Control of Pharmaceutical and Biological Products (NICPBP) (Beijing, China). Isomucronulatol-7-O-b-D-glucoside and (6aR,11aR)-9,10-dimethoxypterocarpan-3-O-b-D-glucopyranoside (9,10-diMP-3-O-glucoside) were isolated from A. membranaceus and purified with preparative RP-HPLC, and characterized by ourselves. All standards were diluted with methanol.
Sample preparation Powdered root of RA (6 g) was refluxing extracted in 100 mL of methanol at 808C for 60 min. The solvent was concentrated to 10 mL by vacuum rotary evaporation filtered through a 0.22-mm membrane filter and directly analyzed by LC-MS.
HPLC system A Thermo Accela UHPLC system (Thermo Fisher Scientific, San Jose, CA, USA), comprising a quaternary pump, a column oven compartment, an autosampler and a diode-array detector (DAD), was employed for LC analyses. Samples were separated on a Phenomenex Kinetex C 18 column (2.1 Â 100 mm i.d., 1.7 mm) at room temperature. The mobile phase consisted of water containing 0.2% formic acid (A) and acetonitrile (B) and the elution gradient was set as follows: 12% B (0 min), 30% B (20 min) and 45% B (32 min). The mobile phase flow rate was 200 mL/min and the injected volume was set at 1 mL.
Mass spectrometry
For LC-ESI-MS n experiments, a Thermo Fisher LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was connected to the UHPLC instrument via an ESI interface. The conditions of ESI source were set as follows: sheath gas and auxiliary gases were 25 and 3 units, respectively; spray voltage was 4 kV; capillary temperature was 3208C and tube lens voltage was 120 V. Accurate mass analyses were calibrated according to the manufacturer's guidelines using a standard solution mix of sodium dodecyl sulfate, sodium taurocholate, the tetrapeptide met-arg-phe-ala acetate salt and Ultramark. The Orbitrap mass analyzer were set up in positive ion mode and the full scan mass range was set from m/z 200 to m/z 1200 at a resolution of 30,000 (full width at half maximum as defined at m/z 400) with the acquisition of centroided-type mass spectra.
In the data-dependent MS n scans, the fourier transform resolution was 15,000. The collision energy for CID was adjusted to 40% of maximum, the isolation width of precursor ions was m/z 2.0 and default values were set for other CID parameters. Dynamic exclusion parameters were set as follows: repeat count, 2; repeat duration, 0.35 min; exclusion duration, 1.0 min; exclusion mass width ¼ 3 amu. A series of potential interference or contaminant ions were added to exclusion list to avoid their MS n acquisition triggering.
The software of Mass Frontier 6.0 (Thermo Fisher Scientific) and Xcalibur 2.1 (Thermo Fisher Scientific) was employed for data analysis. Considering the possible elemental composition of potential components existed in A. membranaceus, the number and types of expected atoms was set as follows: carbons 50, hydrogens 50, oxygens 20 and nitrogens 3. The accuracy error threshold was fixed at 5 ppm.
Results

Optimization of extraction procedure
Variable factors involved in the extraction procedures, such as solvent (water, 50% methanol and methanol), extraction method (reflux and sonication), solvent volume (30, 60 and 100 mL) and extraction time (30, 60 and 120 min) were optimized. Results suggested that reflux extraction by 100 mL methanol for 60 min was most suitable to obtain the best extraction efficiency.
Optimization of u-HPLC conditions u-HPLC, equipped with a relatively short column with a low flow rate, cost a considerably shorter analysis time for the achievement of the same chromatographic separation as HPLC. In this study, the Phenomenex Kinetex C 18 column (2.1 Â 100 mm, 1.7 mm) was chosen according to our experience of multiconstituent analysis. Separation was better when column temperature was set at 308C rather than 25 or 358C. As the mobile phase, acetonitrile -water was proved to be better than methanol -water. To improve peak intensity for most constituents, formic acid was added to the mobile phase. It was found that formic acid -water (0.2:100, v/v) -acetonitrile produced acceptable separation of phenolic compounds with a stable baseline.
Optimization of MS conditions
For a more comprehensive analysis of potential chemical constituents and their structural conformation, both negative and positive mass spectra of RA were collected. Comparing the total ion chromatogram of the two ionization modes, it was found that signal response was more sensitive to most of the flavonoids in PI mode. The main peak in the PI spectra was
-ions were absent in the MS spectra of several isoflavonoid glycosides, and besides the fragmentation observed provided less information than in the case of the positive ion (PI) spectra. Therefore, the MS n data for analysis of flavonoids in RA was acquired in PI mode for further confirmation (shown in Figure 1 ). 
u-HPLC-ESI-MS n analysis for flavonoids
To determine the common fragmentation pathway and characteristic ions for each structural type, it is necessary to fully investigate the typical fragmentation behavior of main flavonoids of RA. Six reference compounds which belonged to isoflavone, pterocarpan and isoflavan families, respectively, were first analyzed by separated infusion into ESI-MS and product ions data were obtained by CID detection. The high-accurate molecular ions of flavonoids were obtained from Orbitrap measurement followed by the accurate acquisition of product ions via tandem mass spectra. The correct molecular formulas and the ring and double-bond (RDB) equivalents of each compound were acquired by high-accurate mass measurements, and validated by additional criteria such as isotope pattern, and elemental composition of fragment ions. A flavonoid compound of a certain chemical groups can easily be deduced from the RDB of its aglycone and the corresponding characteristic of fragmentation ions. Take isoflavones as an example, when the RDB of the aglycone of a certain compound was 11, it could be roughly identified as isoflavone or flavone. While it shows major characteristic neutral loss of 15, 32 and 28 Da as well as a typical product ion [ 1, 3 AþH] þ , which was conformed to fragmentation pathway of the reference compound, it could be subsequently deduced as a isoflavone instead of flavone. The proposed candidates were searched in SciFinder and Beilstein databases of natural products for screening potential new flavonoids from RA. The accurate mass measurements for the protonated molecular ions and the fragment ions of the flavonoids are summarized in Table I , while more than 48 peaks were separated and detected. Retention times (T R ), mass errors and formulas were included as well.
Discussion
Structural characterization of isoflavones Peaks of 28, 44, 2 and 15 were unambiguously identified as calycosin, formononetin and their 7-O-b-D-glucopyranosides, respectively, which were confirmed by comparing their t R values and mass spectra with those of the standards. The [MþH] þ ion of calycosin (28) spectrum, which represents a loss of a hexose unit. Its further loss of 132 Da allowed us to infer that Compound 22 may consist of the aglycone moiety with a hexose group and a pentose group, while the hexose group is at the external position. Compound 22 was preliminarily characterized as 3-hydro-9,10-dimethoxyptero carpan-Pen-Hex. Peaks 32 and 41 could be identified as the malonyl-glucoside and acetyl-glucoside of 3-hydro-9,10-diMP; however, they did not give malonyl (86 Da) and acetyl (42 Da) groups deducing from the fragmentation rules of acyl-glucosides were characterized as 3-hydro-9-MP hexosyl-hexoside, 3-hydro-9-MP hexoside and 3-hydro-9-MP malonyl-glucoside, respectively. These three compounds have not been reported previously in RA.
Similarly, Compound 31 (C 16 H 14 O 4 , RDB ¼ 10) could be considered as pterocarpan aglycone which was different from Compound 34 by a decrease of 16 amu by deducing from its RDB and base peak ion at m/z 151 (Figure 3a) . However, it is difficult to give the definitive assignment of the methoxy group and was tentatively characterized as methoxypterocarpan. ) , respectively. The RDB(¼10) of these compounds and their characteristic product ions indicated that they were not pterocarpan derivatives, instead they were dihydroisoflavones (DHIFs) or dihydroflavones. As only DHIFs have been reported from RA in the previous literature (21) , these compounds were tentatively characterized as DHIFs. 
Structural characterization of isoflavans
Conclusion
A simple and effective analytical method by UHPLC-LTQOrbitrap-MS n was established for rapid screening and preliminary identification of flavonoid constituents from RA. Major structural types of flavonoids, namely, isoflavones, pterocarpans, isoflavans, flavones and dihydroisoflavones were differentiated by characteristic fragment ions with accurate mass measurement and fragmentation pathways. Based on the provided strategy, 48 constituents were identified or tentatively characterized, of which 20 constituents were detected for the first time. The results demonstrated that our novel method can be extended to screen and characterize other flavonoids and their metabolites in botanical extracts.
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